Introduction
Self-induced rotary sloshing caused by an upward round jet can be observed in a partially filled cylindrical container having an inlet jet and some drain nozzles. 1, 2) The inlet jet is injected through the inlet nozzle and the same quantity is synchronously drained through the outlet nozzles so that the bath volume is kept constant (Fig. 1) . Unlike a regular rotary sloshing which one may cite in Ibrahim, 3) the jet-induced rotary sloshing results in an interaction between the inlet jet and the free surface fluctuation 4) and, hence, it is a complicated and intriguing phenomenon.
The authors seek the possibility of developing a continuous steel refining process by the use of the self-induced rotary sloshing of molten steel contained in a cylindrical reactor, which is shown in Fig. 2 .
5) The proposed continuous refining process is consisted of the cylindrical reactor and the molten steel reservoir. From a ladle furnace the molten steel is poured in the reservoir. The potential head due to the height difference between the cylindrical reactor and the reservoir can inject the molten steel into the reactor through a bottom nozzle without the use of any mechanically-or electromagnetically-driven devices. Under a certain condition of the injection, the rotary sloshing would appear in the cylindrical reactor. After the refining process, the refined molten metal is sent to the next process through a drain nozzle which is set at the bottom of the reactor. The proposal system could achieve a high refining efficiency.
The associated rotary sloshing has been also utilized in some industrial fields such as a snow melting system 6) and an organic wastewater disposal facility. 7) In these practical applications the injected liquid jet is replaced by a bubble or ozone-air mixture jet and the rotary sloshing plays a key Self-induced rotary sloshing caused by an upward round jet in a partially filled cylindrical container is numerically simulated to investigate the variation of flow pattern in horizontal cross-sections, which are from inside to outside the rotary sloshing. A molten steel jet could be also observed in a cylindrical reactor and, hence, the jet-induced rotary sloshing is thought to be useful for the development of a refining process. Visualization technique employed in this study includes Computational Fluid Dynamics (CFD). Results for the horizontal flow pattern and the velocity profile are computed and tested against the previous PIV result. In addition, a circular trajectory of the peak point of a free surface swell caused by the inlet jet is computationally given.
KEY WORDS: self-induced sloshing; rotary sloshing; steel refining; molten steel; CFD. role in accelerating a chemical reaction. The preceding article of Ueda et al. 2) was numerically and experimentally investigated for the flow field inside the jet-induced rotary sloshing and compared with the inviscid solution of the small amplitude. In order to compensate the preceding study, the aim of this paper is to numerically visualize the variety of the horizontal flow pattern in the various z-planes in Fig. 1 , which are from inside to outside the rotary sloshing. In addition, the trajectory of the peak point of the free surface swell caused by the inlet jet is computationally inspected.
Computational Procedure
The FLUENT TM numerical code ver. 6.2.16, a commercially available CFD software package, was employed for all numerical predictions on 2.8 GHz Pentium IV processor with 1 GB RAM. GAMBIT 2.2.30 was employed for the establishment of the three-dimensional computational grid.
The computational grids were made up of hexahedral elements and a total of 109 690 cells were employed for entire flow domain, which was based on actual geometry of the cylindrical container shown in Fig. 3 . The cylindrical container having an inner diameter of 200 (mm) was consisted of an inlet pipe (dϭ13 f mm) and two outlet pipes (18 f mm each), of which lengths are all 60 (mm). The inlet pipe was set at the centre of the container bottom and the outlet pipes were both set at 75 (mm) from the centre. The inlet water jet was injected into the bath through the inlet pipe and the same quantity was synchronously drained from the outlet pipes. The computed aspect ratio, Ꮽ:ϭH L /D, was set at 0.5 and the inlet flow rate, Q L , was at 260 (cm 3 /s), where D is the diameter of the container and H L is the static water depth.
FLUENT uses a control-volume-based technique to solve the governing continuity and momentum equations. A segregated implicit solver and second-order upwind interpolation scheme were employed for each computational iteration. A time-step size of Dtϭ2.5ϫ10 Ϫ3 (s) was adopted to achieve a convergence in every time step. Free surface behaviour, between the water and air phases, was captured by the Volume-of-Fluid (VOF) model (Geo-Reconstruct). The tracking of the interface between the phases is accomplished by the solution of a continuity equation for the volume fraction of a phase. The surface tension of 0.0727 (N/m) was adopted. The Large Eddy Simulation (LES) model was selected for the turbulence model because of a direct resolution of the large-scale eddies.* The large scale eddies are solved explicitly by the filtered Navier-Stokes equations, and the small eddies are modeled using a sub-grid scale (SGS) model. In Smagorinsky-Lilly model, the eddy-viscosity is modeled by m t ϭrL s 2 |S| where L s is the mixing length for subgrid scales and |S|:ϭ√ෆ 2S ij S ij . In FLUENT code L s is computed by L s ϭmin(kd w , C s V 1/3 ) where k is the Kármán constant, d w is the distance to the closest wall, V is the volume of the computational cell, and C s is the Smagorinsky constant and the default value of C s adopted by the FLUENT code is 0.1. The convergence of the computational solution was determined based on residuals for the continuity and x-, y-, z-velocities. The residual of all quantities was set to 10 Ϫ4 . The solution was considered to be converged when all of the residuals were less than or equal to these default settings (see FLUENT 6.2 User's Guide 8) for more details). Figure 4 shows the comparison of the 3D view of the jetinduced rotary sloshing between the computation and the experimental photograph.
Results and Discussion
2) Figure 5 also shows the velocity vectors in the various horizontal cross-sections. The origin is set at the static free surface level and the z-coordinate is positive to the free surface, as shown in Fig. 1 , and the bottom of the container is hence at zϭϪ10 (cm). For easy to view, the interface between the water/air phases, coloured in black, is depicted in the corresponding figures.
According to Ueda et al., 9) the velocity potential, f, of the inviscid time-harmonic solution for the lowest mode sloshing of the small amplitude is written, in the cylindrical coordinate system, as
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© 2007 ISIJ * In the preliminary computation we have tested the k-e turbulent model without any wall functions and, however, the simulation of the rotary sloshing was not accomplished by the k-e model. Unfortunately, we are not sure because the preliminary check was not sufficient. In contrast, the LES model or laminar model were easily accomplished and therefore we have adopted the LES model. We note that the potential solution of Eq. (1) is obtained from the pure rotary sloshing without the inlet jet, and the preceding article 2) shows that the potential solution is in a good agreement with the jet-induced rotary sloshing except for near the free surface wave, the wall of the container and inside the inlet jet. The analytical period of the rotary sloshing, T 1 ϭ2p/w 1 , exhibits the value of 0.483 (s) for H L ϭ10 (cm) and, hence, is found to be in nice agreement with computationally and experimentally measured values of 0.475 (s) and 0.480 (s). The analytical tangential velocity, u q s ϭ(1/r)(Ñf/Ñq), and the elevation of the free surface, hϭϪ(1/g)(Ñf/Ñt) zϭ0 , in a horizontal cross-section are easily calculated and u q s is then obtained as follows:
The superscript, s, denotes the sloshing solution inside the bath. As will be mentioned later, Fig. 6 shows the schematic of the instantaneous horizontal flow pattern inside, partially inside and outside the rotary sloshing. The analytical prediction, based on Eq. (3), yields the flow pattern on the left side of Fig. 6 . In Fig. 6 the angle of variable, Q, is introduced as Q :ϭqϪw 1 t.
In computation the amplitude of the sloshing was measured and the value was then 3.47 (cm) for Ꮽϭ0.5 and Q L ϭ260 (cm 3 /s). Hence, the horizontal plane filled with the mixture phase of the water and air is found to be in the rage |z|р3.47 (cm). Inside the rotary sloshing perfectly filled with the water phase, Ϫ10рzрϪ3.47 (cm), the horizontal flow pattern is expressed in the left side of Fig. 6 and the magnitude of the tangential velocity, |u q |, is weaker on the elevation side than on the depression side.
2) The first two figures of Fig. 5 , at zϭϪ8.0 and Ϫ5.0 (cm), seem to be identical with the PIV result of Fig. 7 2) and the schematic on the left side of Fig. 6 . In the mixture planes of the water and air phases, at zϭϪ3.0, 0.0 and 3.0 (cm), the flow pattern of the air phase is observed to be the same circumferential direction as the water phase flow. Therefore, we could find that the horizontal flow in the mixture plane makes a transition to a circular flow. Outside the rotary sloshing, at zϭ5.0, 8.0 and 12 (cm), the airflow seems to be almost circular of which the centre is around the surface swell. It may be seen that this airflow pattern outside the sloshing is similar to the two-liquid layer case of Yoshida et al. 10 ) (see Fig.  4 of their paper). The horizontal flow pattern can be summarized as Fig. 6 .
The inlet jet impinges on the free surface and then the surface swell is formed as in the left figure of Fig. 4 . As discussed in Madarame et al., 1) the pressure fluctuation generated by the free surface swell results in the rotary sloshing. In the computational results and actual experiment, it was observed that the inlet jet inclines to the elevation side of the sloshing wave and rotates in the same direction as the rotary sloshing wave (see Fig. 6 ). Figure 8 shows the trajectory of the peak point of the free surface swell caused by the inlet water jet. The computed trajectory seems to be almost circle, of the radius R e ϭ2.33 (cm), and whose origin is at (0.18 cm, 0.06 cm). The computationally measured radius of 2.33 (cm) is almost in agreement with the experimentally inspected value of about 0.16a. Figure 9 shows the instantaneous tangential component of the velocity in the horizontal planes inside (zϭϪ8.0 cm), partially inside (zϭ0.0 cm) and outside (zϭ12 cm) the rotary sloshing. As observed in Fig. 9 , the unidirectional flow pattern inside the sloshing, at zϭϪ8.0 (cm), is changing to the stable circular flow pattern with increasing of z and, at zϭ12 (cm), the almost complete circumferential flow is observed. As discussed above, the free surface swell rotates on the circular path, having the radius of R e ϭ2.33 (cm), over one cycle of the sloshing. The circular path area is then found to be inside between two dotted lines of Fig. 9 .
In the case of H L ϭ10 (cm) and the inlet nozzle diameter of 13 (mm), the vertical component of the centre-line velocity of the inlet jet, u z , is almost constant inside the sloshing, as shown in Fig. 10 . Indeed, the usual circular jet of the nozzle diameter, d, is known to have the potential core region in z Ͻ Ϸ 10dϪH L . We here notice that the inlet jet of u 0 ϭ19.6 (cm/s) penetrates to the free surface around tϭ0.125 (s) and, before the penetration of the jet, the vertical component of the velocity, u z , is almost static at the free surface 4) (zϭ10 cm). In Fig. 9 , the u y velocities for zϭϪ8.0 (cm) and 0.0 (cm) seem to sharply change inside the dominant region of the inlet jet. 
Concluding Remarks
Jet-induced rotary sloshing in a partially filled cylindrical container has been simulated to investigate the horizontal flow pattern in various z-planes, which are from inside to outside the sloshing. Visualization technique employed in this study has been included in Computational Fluid Dynamics (CFD).
The sloshing period has been computed and tested against the experimentally measured value and the analytical result of the inviscid time-harmonic solution of the small amplitude. The variety of the horizontal flow pattern, through the free surface, from inside to outside the jet-induced rotary sloshing has been computed and the air phase flow was found to be the same circumferential direction as the water phase flow. In addition, the computed trajectory of the peak point of the free surface swell was obtained and found to be a circle with the radius, R e ϭ2.33 (cm), which is close to the experimentally inspected value of 0.16a.
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